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Abstract
This study deals with dawsonite-bearing carbonate veins in the Izumi Group, SW Japan, as a natural analogue of fracture formation 
in a caprock and of the migration of CO2-rich fluid through the fractures. The dawsonite-bearing veins studied here were formed 
by hydraulic fracturing, and the invasion of CO2-rich fluid occurred at least twice. Field analysis and isotopic study have shown 
that the upward migration of CO2-rich fluid was stopped by a good quality mudstone layer of 100-500m thickness. The possible 
conditions of fracturing suggest that the excess fluid pressure associated with fracture formation was too large to be attained by 
controlled injection.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
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1. Introduction
Fracturing of mudstone caprock is a crucial issue for safety and reliability of CO2 geological storage. Injection of 
pressurized CO2 increases pore pressure and decreases effective confining pressure in the underground CO2 storage 
system (or, reservoir and caprock). The change weakens the mechanical strength of reservoir rock and caprock, and 
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increases the possibility of their fracturing. In many of the CO2 storage demonstration and CO2-EOR sites, 
microseismic events or AE, in a scale mostly less than M 1.0, are commonly recorded associated with CO2 injection. 
The events are vital evidence of minor fracturing of rocks underground. The minor fractures are important to secure 
containment of stored CO2, since they can be a conduit for migrating CO2 outside the storage system. Thus, it is 
important to understand the nature of minor fractures from a viewpoint of fluid pathway. It is very difficult, however, 
to study actual fractures generated by CO2 injection, since the direct recovery is almost impossible for underground 
rocks in which CO2 is being stored. At present, we do not have much information enough to discuss the material 
science of fractured rocks in the CO2 storage system.
A study of natural carbonate veins containing dawsonite, a Na-Al hydrous carbonate, most probably provides
valuable insights to this crucial issue. Although natural dawsonite is formed by extensive CO2 alteration or alkaline 
metasomatism, the mineral formed by CO2 alteration is commonly associated with a large amount of other carbonates 
thus can be distinguished from its origin by alkaline metasomatism. Natural CO2 alteration is similar to the 
geochemical changes associated with CO2 geological storage. Recent simulation study on the geochemical processes
of CO2 geological storage has shown that the formation and disappearance of dawsonite are quite concordant with the 
fate of supercritical CO2 plume. The mineral begins to precipitate in the growing plume and finally remains in the 
storage system with trapped supercritical CO2 (Okuyama et al., 2013). Thus, the dawsonite vein can be regarded as a 
trace of supercritical CO2 in the underground rock bed. This study deals with the dawsonite-bearing carbonate veins 
from a viewpoint of the fracture formation by CO2-rich fluid and its upward migration through fractures as a conduit.
2. Mode of occurrence of carbonates
2.1. Carbonate minerals and the types of carbonate veins
Dawsonite-bearing carbonate veins are found in a mudstone layer named the Azenotani Mudstone Member of the 
Mutsuo Formation in the lower part of the Cretaceous Izumi Group, southern Osaka prefecture, SW Japan (Fig. 1).
Geology and stratigraphy on the host rock of carbonate veins were studied by Ichihara et al. (1986) and were 
summarized by Okuyama and Take (2011). The Azenotani Mudstone Member is mainly composed of dark-colored
massive mudstone. The thickness of this member ranges from ca. 100 to 500m. The mudstone is overlain by a thick 
pile of sandstone and conglomerate of the Main Facies of Izumi Group (Ichihara et al., 1986).
Fig. 1. Localities of dawsonite-bearing carbonate veins. Localities where the orientation of veins were studied are shown by
the numbers and the name of outcrop (see Fig. 4).
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There are three types of carbonate veins in the study area. One is a vein mostly composed of fine-grained dawsonite.
A small amount of aragonite is commonly associated with dawsonite. The minerals are so fine-grained that they can 
be identified only by using SEM-EDS, XRD and optical microscope. The dawsonite vein is relatively thin with a 
maximum thickness about 5mm. The second type of carbonate vein is dawsonite-bearing calcite vein. This type of 
vein always occurs as a composite vein having white-colored fibrous fringe along the contact and coarse-grained, 
massive core in the center of the vein. The thickness of the composite vein becomes as large as 15mm. The thick vein 
occasionally has cavities in its center in which calcite did not precipitate (Fig. 2a). Visible crystals of dawsonite and 
aragonite can be seen in this part of the vein. Dawsonite commonly forms radial to spherical aggregates of needle-like 
crystals. Thin prismatic aragonite is frequently associated with dawsonite. Optical and SEM microscopy of the 
composite vein has shown that the texture of fringe and core is in discordant relation (Fig. 2b). The textural 
discontinuity and the remaining cavities indicate that there were two steps of carbonates precipitation. Dawsonite 
and aragonite precipitated at first to form fringes, then calcite precipitated following after the formation of fringes.  
Third type of veins is monomineralic calcite vein. This type of vein is not so common as compared to the other two 
types of veins. Volumetrically important carbonate in the study area is calcite as it occurs in the thick core of composite 
veins. In addition to carbonate veins, Fe hydroxide veins are very commonly observed in the Azenotani Mudstone.
Fig. 2. (a) An open cavity in a composite vein, having visible crystals of dawsonite and aragonite; (b) Structure of composite vein
having dawsonite-aragonite fringe and calcite core. The fringe and core show discordant texture.
Fig. 3. (a) Photo of an outcrop showing a representative pattern of development of carbonate veins. Dawsonite veins and composite veins are 
shown by orange and blue arrows, respectively; (b) Thick dawsonite vein showing three steps of branching.  
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2.2. Structure of carbonate veins in outcrop-scale
The carbonate veins are in clear-cut relation to host rock of dark-colored mudstone. All the types of carbonate 
veins continue well and develop in various directions in outcrop scale. In the case that a carbonate vein cut thin 
layers of intercalating sandstone, displacement is not observed along the carbonate veins (Fig. 3a). This indicates 
that the original fractures are not faults. The thick veins frequently remain open spaces as noted before. The 
dawsonite veins frequently show successive branching. Three steps of branching, as is shown in Fig. 3b, are rather 
common. In the case showing successive branching, the main vein is commonly a composite vein whereas the 
second and the third branches are mostly simple dawsonite veins. The structural characteristics of carbonate veins 
are best explained by hydraulic fracturing. The presence of open cavities is also concordant with this interpretation.  
2.3. Orientation and distribution
To understand the development and orientation of carbonate veins, the strikes, dips and the width of carbonate 
veins were measured to draw cumulative diagrams. The size of carbonate veins were represented by their width. For 
an example, the width of two veins having similar dip and strike is summed up and is expressed in a single sector of 
a rosette diagram and in a bar of a histogram, respectively (Fig. 4a). The largest sector and bar indicate the preferred
Fig. 4.  (a) A diagram showing the way to draw a cumulative diagram on vein orientation; (b) Cumulative diagrams on vein orientation in
4 selected outcrop. The positions of the 4outcrops are shown in Fig.1.
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orientation of carbonate veins in a particular outcrop. Fig. 4b shows a set of rosette diagram and histogram for 4 
good outcrops in the study area (Fig. 1). Three types of veins are plotted. They are the dawsonite-aragonite veins, 
composite veins, and veins only filled with Fe oxides. The monomineralic calcite veins were summed up together 
with composite veins. The figure shows that the orientation of dawsonite vein and composite vein is generally 
overlaps with each other. The textural relation between dawsonite-bearing fringe and calcite core indicates that the 
calcite core was precipitated in spaces formed by re-opening of pre-existing dawsonite vein. Fig. 4b clearly depicts 
this field relation.
The dominant orientation of carbonate vein is N20-30°W to S20-30°E dipping steeply (60-90°) west to south 
southwest (Fig. 4b). The dominant direction is slightly oblique to the strike, and in high angle to the dip of the host 
strata (ENE-WSW, 30-60°SE).  The carbonate veins of this dominant direction are composite veins and many of the 
dawsonite veins.  Some of the dawsonite veins also run in different directions to the dominant one. These dawsonite 
veins are mostly the branches from thick composite veins.
2.4. Carbonates in the overlying strata 
The Azenotani Mudstone Member shows upward increase of intercalating sandstone layer and gradually changes
to overlying Main Facies dominated by the coarse-grained sandstone and conglomerate. Carbonate veins are scarce 
in this part of the Izumi Group. Small calcite veins of poor extension are occasionally found where carbonate cement 
develops extensively. The carbonate veins of this type do not contain either dawsonite or aragonite. 
Fig. 5. Oxygen and carbon isotopic ratios of calcite from the composite veins in the Azenotani Mudstone
Member (red dismonds) and from small veins in sanstone of the Main Facies (blue squares).
3. Isotopic evidence
Dawsonite-bearing carbonate veins are exclusively found in the Azenotani Mudstone Member. The structure and 
the mode of occurrence of veins strongly suggest that they were formed by hydraulic fracturing caused by forcible 
invasion of pressurized fluid. The invaded fluid must be enriched in CO2 since only carbonate minerals are found as 
primary phases. On the other hand, the mode of occurrence of calcite in the overlying Main Facies suggests its
diagenetic origin. It is possible that the geochemical characteristics of fluid involved in the carbonate formation 
were different between two sedimentary units.
To investigate the origin of carbonates, calcites were analysed by mass spectrometer to measure the isotopic 
ratios of carbon and oxygen. Calcite in the composite veins has slightly negative į13CPDB (-9 ~ -1‰) characteristic 
to magmatic carbon. Oxygen isotopic ratios are moderately heavy (į18O SMOW= +15~+25‰). In the Main Facies, the 
isotopic ratios of calcite distribute around 0 ‰ both for oxygen and carbon. This indicates that the isotopic 
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characteristics of this calcite are quite similar to marine carbonates. The isotopic signature strongly suggests that the 
calcite was precipitated from pore water having isotopic ratios similar to sea water. The isotopic ratios of two types 
of calcite are quite different and indicate that the fluid formed calcite had different origins, namely, one is diagenetic 
and the other is deep-seated. The analytical results indicate that the CO2-rich fluid, having caused hydraulic 
fracturing and carbonate precipitation in the Azenotani Mudstone Member, did not migrate further upward.
4. Discussion
4.1. Origin  of dawsonite and associated caarbonates
The mode of occurrence of dawsonite-bearing carbonate veins are best explained by hydraulic fracturing of host 
mudstone.  Since dawsonite is a mineral suggesting the presence of supercritical CO2, the depth of formation of 
carbonate veins was probably around 1,000m where supercritical CO2 is stable under common arctic geotherm (30Υ
/km). The cumulative thickness of overlying strata (i.e., the Main Facies of the Izumi Group) well exceeds 1,000m 
(Ichihara et al., 1986) and is concordant with the estimated depth noted above.
The oxygen and carbon isotopic ratios of calcite in the composite veins show magmatic origin of CO2-rich fluid 
from which the mineral precipitated. The activity of hot, CO2-rich deep fluid characterizes tectono-geochemical 
environment of Southwest Japan. This activity is considered to begin with the subduction of Philippine Sea plate in 
the Middle Miocene, and continues to present (Kazahaya et al., 2009). There are hot spas of Na-bicarbonate type in 
the study area, which is considered to be the remnant of CO2-rich fluid related to the formation of carbonate veins 
(Aikawa et al., 1976; Okuyama and Take., 2011).
4.2. Possible conditions of fracturing and its implications for CO2 geological storage
The structure of composite vein indicates that there were two times of fluid invasion in the past: the invaded initial 
fluid precipitated dawsonite (+ aragonite) and the next one calcite. This means that the carbonate veins in the Izumi 
Mountains area were formed by cyclic hydraulic fracturing. Fig. 6a summarizes temporal change in fluid pressure in 
a field test of cyclic hydraulic fracturing. Three important pressures are the breaking pressure of initial fracture (Pb), 
the pressure of closure of fracture (Ps) and the pressure of re-opening of once formed fracture (Pr). The pressures are 
expressed as functions of regional in-situ stress, rock strength (T) and pore pressure (Pp) as, 
Pb = 3Sh – SH + T – Pp                                                                                                  (1)
Ps = Sh                                                                                                                             (2)
and
Pr = 3Sh – SH  – Pp                                                                                                  (3),
where Sh and SH represent horizontal minimum stress and horizontal maximum stress, respectively. The equation (2) 
represents that Ps is equal to the horizontal minimum stress, Sh. The equation (3) defining the pressure of re-opening 
of the initial fracture is derived considering T = 0 in fractured bed rock. As shown in Fig. 6a, pressures associated 
with hydraulic fracturing are, 
Pb > Pr > Ps = Sh                                                                                                              (4).
Field tests of hydraulic fracturing show that the values appearing in equation (4) increase with depth. 
Tanaka (1986) reviewed in-situ stresses measured by hydraulic fracturing in Southwest Japan. Sh and SH increases 
with depth as shown in Fig. 6b.  The dominant direction of horizontal maximum stress was also reviewed and found 
to be E-W to ESE-WNW. The relation shown in Fig. 6b and the estimated direction of horizontal maximum stress are 
supported by recent field tests conducted near the area of this study (e.g., Hagiwara et al., 2004).
It should be noted that the direction of horizontal maximum stress matches with the dominant direction of carbonate 
veins (Fig. 4b). Since the carbonate veins studied here were formed in open fractures, the dominant direction of veins 
are interpreted as the direction of horizontal maximum stress at the time of fracturing. That is, the in-situ stress 
conditions at the time of fracturing by CO2-rich fluid can be assumed to be similar to current ones. As noted above, 
the activity of CO2-rich fluid is probably related to the subduction of Philippine Sea plate which determines the 
tectonic condition from Middle Miocene to present. Although it is impossible to measure the in-situ stress at the time 
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of CO2-fluid invasion
Fig. 6. (a) Schematic diagram showing temporal change in fluid pressures in a hydraulic fracturing field test involving 2 cycles of 
pressurization. Pr = breaking pressure of initial fracture,  Ps = pressure of closure of the fracture, and Pr = pressure of 
re-opening of once formed fracture; (b) Summary of in-situ stresses in Southwest Japan after Tanaka (1986). The values of 
in-situ stress estimated from recent studies are added in the figure. SH = horizontal maximum stress, Sh = horizontal minimum
stress, Pp = hydrostatic pore poressure.
in the past, it can be represented by the present conditions because it is largely determined by tectonic conditions 
controlled by the subduction of Philippine Sea plate.
The equation (4) shows that the fluid pressure for the second fracturing, Pr, should be slightly larger than the 
horizontal minimum stress, Sh (Fig. 6a). The presence of dawsonite strongly suggests that the CO2 was supercritical. 
The presence of supercritical CO2 becomes possible at the depth greater than 800m under arctic geotherm. Assuming 
that the in-situ stresses at the time of vein formation is similar to the present conditions summarized in Fig. 6b, the 
values of Sh becomes larger than 18MPa. The value is almost twice of the hydrostatic pore pressure at the 
corresponding depth (Fig. 6b). The formation of initial fracture requires much larger fluid pressure as graphically 
shown in Fig. 6a. 
In actual demonstration, such a large value of excess fluid pressure is not expected at all. For an instance, the excess 
pressure observed in the RITE Nagaoka pilot was 20% of the pore pressure at the bottom of injection well and 14% 
at an observation well ca. 60m away from the injection well (Xue and Matsuoka, 2008).  It is well known that Nagaoka 
Pilot was finished without any rock mechanical problems.  The experience shows that an excess fluid pressure of this 
order does not promote opening of possible pre-existing fractures.  Similarly, the creation of new fractures would not 
be expected under controlled conditions since the pressure of creation of initial fracture, Pb, is always larger than Pr.  
In summary, the activity of CO2-rich fluid partially broke the mudstone layers of Azenotani Member, having a 
thickness of 100-500m, to form dawsonite-bearing carbonate veins. The fluid, however, did not affect the overlying 
strata as shown by isotopic evidence. The mudstone of the Azenotani Member is fine-grained, homogeneous and 
massive, which are the characteristics of good quality caprock in CO2 geological storage. The development of 
carbonate veins is limited in this Member as noted before. The estimated excess pressure of CO2-rich fluid caused 
hydraulic fracturing was very large probably unattainable under controlled injection of CO2 geological storage. The 
limited development of carbonate veins would be evidence on the function of good quality caprock. The precipitation 
of carbonate minerals is also expected to prevent fluid migration further upward, although it probably depends on the 
extent of geochemical evolution of fluid. The study of natural carbonate veins is important to construct material-based
scenario of caprock fracturing and fluid migration associated with CO2 geological storage.  This is because of the 
difficulties in getting material for direct investigation from actual CO2 storage system. Natural analogue studies on 
carbonate veins, exemplified by this study, can be a great deal of help to construct reliable scenarios for the evaluation 
of containment and risk analysis.
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